To gain insights into the cellular processes required for intracellular bacterial pathogenesis, we previously developed a generalisable screening approach to identify small molecule compounds that alter Listeria monocytogenes infection. In this report, a small molecule library enriched for compounds affecting neurological functions was screened and 68 compounds that disrupted L. monocytogenes infection of macrophages were identified. Many of these compounds were known antimicrobial agents, however 26 compounds were novel inhibitors of intracellular infection. Two of the compounds chosen for further study, the antipsychotic drug thioridazine and the calcium channel blocker bepridil, exhibited dose-dependent inhibition of vacuolar escape and intracellular replication of L. monocytogenes during infection of murine macrophages. These results suggest that clinically approved neurological drugs may provide a novel source of anti-infective agents that are suitable for development as therapeutics against intracellular bacterial infections.
Introduction
Listeria monocytogenes is an intracellular bacterial pathogen that causes significant morbidity and mortality in immunocompromised individuals, infants and the elderly. Infections typically occur through ingestion of contaminated foods and most often result in gastroenteritis. However, infections can also cause more serious outcomes such as septicaemia, meningitis and death [1] . Although antibiotics can be used successfully to treat L. monocytogenes infection, the mortality rate is often 20-30% [2] , the highest fatality rate of any food-borne pathogen.
For several decades, L. monocytogenes has been studied as a model organism for understanding host-pathogen interactions leading to virulence as well as acquired cell-mediated immunity to intracellular pathogens, thus the cell biology of L. monocytogenes infection is well characterised. Following entry into host cells, bacteria initially reside within a membrane-bound vacuole, however L. monocytogenes rapidly escapes this compartment to enter the host cell cytosol where replication occurs. Cytosolic bacteria use actin-based motility to move and spread from cell-to-cell without contacting the extracellular environment [3] . Whilst the majority of studies into the pathogenesis of L. monocytogenes have employed classical genetic-based approaches [1] , chemical genetic strategies have recently been applied to elucidate the biological processes governing infection in many pathogenic systems [4] . As small molecules have the ability to affect pathways within both the bacterium and the host cell, numerous insights into the requirements for host-pathogen interactions during intracellular infection can be achieved. We have previously developed a microscopybased screening approach to identify small molecules that disrupt intracellular infection by L. monocytogenes. This approach was used in a limited capacity to screen a small collection of known bioactive compounds in order to identify molecules that may potentially be developed as anti-infectives for intracellular bacterial pathogens [5] .
We previously identified the neurological compound pimozide as an inhibitor of L. monocytogenes entry into host cells, vacuole escape and cell-to-cell spread of bacteria [5] . In this report, we have further examined the effects of neurological compounds on intracellular bacterial infection. A small molecule library consisting of 1040 compounds that was enriched for molecules affecting neurological processes was screened and 68 compounds that disrupted intracellular infection of murine bone marrow-derived macrophages (BMMs) by L. monocytogenes were identified. A list of all 1040 compounds in this collection can be found at http: //iccb.med.harvard.edu/screening/compound libraries/ninds.htm. Because the library contains many US Food and Drug Administration (FDA)-approved compounds (75% of the collection), the potential to identify novel therapeutic uses of clinically approved drugs is enhanced. This is of particular significance as the emergence of multiple antibiotic-resistant strains of pathogens necessitates the development of improved anti-infectives as 
Materials and methods

Bacterial strains
Wild-type L. monocytogenes strain 10403S was grown in brain-heart infusion (BHI) medium (Difco, Detroit, MI) at 30 • C without shaking prior to infection of host cells. Listeria monocytogenes 10403S expressing green fluorescent protein (strain DH-L1252) was grown in a similar manner and was used to infect host cells for small molecule screening and vacuole escape assays.
Cell culture
Murine BMMs were prepared as previously described [5] . Briefly, femurs and tibias were removed from 4-8-week-old BALB/c mice (Jackson Laboratories, Bar Harbor, ME) and bone marrow cells were flushed from the bones and cultured for 6 days in BMM medium [complete Dulbecco's Modified Eagle Medium (DMEM) and 30% L929 cell supernatant]. On Day 6, BMM cells were harvested, washed with phosphate-buffered saline (PBS) and plated at an appropriate density for 18-24 h prior to infection experiments. All cell cultures were maintained at 37 • C in a 5% CO 2 -air atmosphere.
Small molecule screen
A small molecule screen of the National Institute of Neurological Disorders and Stroke (NINDS) (MicroSource Discovery Systems Inc., Gaylorsville, CT) compound library was conducted as previously described [5] . Briefly, BMMs were seeded in clear-bottom 384-well plates (Corning-Costar, Corning, NY) for 14-16 h and then incubated with the compounds for 2 h followed by infection with L. monocytogenes strain DH-L1252 [multiplicity of infection (MoI) of 1:2]. After 1 h of incubation, gentamicin was added to kill extracellular bacteria and infected BMMs were incubated for an additional 14 h and then fixed and stained. Fluorescence microscopy images were acquired at two positions per well using an ImageXpress TM high-content cell analysis system (Molecular Devices, Downingtown, PA) and analysed with MetaMorph image analysis software (Molecular Devices). The NINDS library was screened three times in duplicate at the National Screening Laboratory for the Regional Centers of Excellence in Biodefense and Emerging Infectious Diseases (NSRB) (http://nsrb.med.harvard.edu) at Harvard Medical School (Boston, MA).
Extracellular growth assay
Wild-type L. monocytogenes 10403S was grown for 14-16 h in BHI medium at 30 • C without shaking and then back-diluted 1:20 into fresh BHI broth containing 25 M of an NINDS compound (MicroSource Discovery Systems Inc.) or 0.001% dimethyl sulphoxide (DMSO) (in equivalent volumes). Cultures were grown at 37 • C with shaking and the optical density at 600 nm was measured at various time points to assess bacterial growth.
Intracellular growth assay
Intracellular growth assays were conducted as previously described [5] . Briefly, 4 × 10 5 BMMs/well were plated in a 24-well plate for 24 h. Cells were pre-treated for 2 h with medium containing 25 M of compound (thioridazine or bepridil) or 0.001% DMSO followed by infection with L. monocytogenes 10403S (MoI 1:2). At 1 h post infection, 5 g/mL gentamicin was added. The number of intracellular bacteria was determined at various time points by lysis of BMMs followed by plating of dilutions on Luria-Bertani (LB) agar and incubating for 16-20 h at 37 • C to enumerate the total number of intracellular bacteria.
Assessment of vacuole escape
Vacuolar escape was assessed as described previously [5] . Briefly, BMMs seeded on glass coverslips for 24 h were incubated in medium containing 25 M of compound or 0.001% DMSO for 2 h. BMMs were then infected with L. monocytogenes strain DH-L1252 (MoI 10:1) for 30 min followed by the addition of 50 g/mL gentamicin. At 90 min post infection, the coverslips were washed and fixed. Host cell F-actin was stained with Texas Red ® -X phalloidin (Invitrogen, Carlsbad, CA) followed by staining with Hoechst 33342 (Invitrogen). Coverslips were analysed by fluorescence microscopy and images were acquired using MetaMorph imaging software (Molecular Devices). To quantify vacuole escape, >100 bacteria/coverslip were examined and the percentage of bacteria associated with F-actin was determined.
Dose-dependent inhibition of Listeria monocytogenes infection
The dose-dependent inhibition of intracellular infection was assessed using a derivation of the intracellular growth assay described above. BMMs were seeded 24 h prior to infection at 4 × 10 5 BMMs/well in a 24-well plate. Cells were washed with PBS and pre-treated for 2 h with medium containing two-fold dilutions of compound (thioridazine or bepridil ranging from 390 nM to 50 M) or 0.001% DMSO. BMMs were infected (MoI 1:2) with L. monocytogenes 10403S in the presence of the indicated concentration of compound or 0.001% DMSO. At 1 h post infection, 5 g/mL gentamicin was added to each well. Then, 4 h following infection the number of intracellular bacteria was determined by removing the medium from the wells, washing with PBS and lysing host cells in 500 L of 0.1% Triton X-100 in PBS. Dilutions of host cell lysates were plated on LB agar and grown for 16-20 h at 37 • C to enumerate the total number of intracellular bacteria.
Statistical analysis
To assess the statistical significance of the vacuole escape assay, repeated measure one-way analysis of variance (ANOVA) was calculated using Prism software (GraphPad, San Diego, CA). A P-value of <0.05 was considered significant.
Results and discussion
Small molecule screen to identify neurological compounds with anti-infective activity
Previous research from our laboratory identified the antiinfective activity of the neurological drug pimozide. This unusual finding led us to pursue further the identification of neurological compounds exhibiting antimicrobial ability. Using a similar approach as previously described [5] , we screened the NINDS small molecule library at the National Screening Laboratory for From the NINDS library screen, 68 compounds were identified that disrupted L. monocytogenes infection in BMMs. These compounds were grouped based on defined biological function. The largest subgroup of compounds identified included known antibiotics or antibacterial agents (Table 1 ). In addition to antibiotics and antiseptics, antifungal, antiprotozoal and antihelminthic drugs were identified that were inhibitory to L. monocytogenes infection. Moreover, 26 compounds that exhibited unanticipated anti-infective activity were also identified ( Table 2 ). The majority of these compounds were antipsychotic drugs or modulators of calcium pathways. Interestingly, whilst our previous work identified the antipsychotic drug pimozide as having anti-infective properties, and pimozide has been shown to antagonise calcium binding [6] , it should be noted that inhibition of calcium binding did not appear to be necessary for pimozide anti-infective activity [5] .
Inhibition of extracellular growth of Listeria monocytogenes
The anti-infective activities of the antipsychotic drugs thioridazine and trifluoperazine and the calcium inhibitors amiodarone and bepridil were further examined as these compounds are used clinically. Trifluoperazine and amiodarone partially inhibited the extracellular growth of L. monocytogenes in broth culture (Fig. 1A) . Since we were most interested in compounds that inhibited intracellular infection, further efforts were focused on thioridazine and bepridil, two compounds that did not significantly inhibit extracellular growth of L. monocytogenes. Thioridazine is an antipsychotic drug that has been used to treat schizophrenia for over 40 years [7] . Moreover, antimicrobial activity of thioridazine both against intracellular and extracellular Staphylococcus aureus and Mycobacterium tuberculosis has been reported [8] [9] [10] . Bepridil is a calcium channel blocker used to treat angina pectoris [11] but has also been shown to reduce inflammation and pathology in a murine model of multiple sclerosis [12] and may also decrease axonal injury in other neuroinflammatory diseases [13] .
Inhibition of intracellular growth of Listeria monocytogenes
To assess the effects of thioridazine and bepridil on the intracellular growth of L. monocytogenes, BMMs were treated with 25 M of either compound or 0.001% DMSO prior to and during infection. BMMs treated with thioridazine or bepridil exhibited a reduction in intracellular bacteria, with a greater decrease in bacterial numbers observed in BMMs treated with bepridil (Fig. 1B) . The intracellular infection analysis showed that the number of bacteria present at 2 h post infection was similar in drug-treated and untreated BMMs, suggesting that there was no defect in bacterial uptake into host cells. The decreased number of intracellular bacteria observed in drug-treated BMMs over the subsequent 6 h of the infection suggested a partial inhibition of the ability of bacteria to escape from the phagocytic vacuole [14] .
Dose-dependent inhibition of Listeria monocytogenes infection
To determine the dose-dependent effects of thioridazine and bepridil, BMMs were treated with a range of concentrations of either compound prior to and during infection with L. monocytogenes. As shown in Fig. 1B , the inhibitory effects of the compounds could be observed by 4 h post infection, therefore this time point was chosen for the dose-dependency studies. The inhibitory effects on intracellular infection of both thioridazine and bepridil (Fig. 1C  and 1D) were dependent on the dose administered, with a greater reduction in the number of intracellular bacteria observed as the concentration of each compound was increased to 50 M.
Vacuole escape of Listeria monocytogenes is inhibited by neurological compounds
We next determined the frequency of vacuole escape during infection in the presence of the inhibitory compounds. Vacuolar and cytosolic localised L. monocytogenes were quantified and the percentage of bacteria that had escaped the phagosome was determined. A decrease in vacuole escape of L. monocytogenes was observed in cells treated with either thioridazine or bepridil (Fig. 1E) . DMSO-treated control cells yielded an average 52.2% vacuole escape frequency, whereas thioridazine-and bepridil-treated cells yielded 43.5% and 30.3% vacuole escape, respectively. The decrease in the means of each group was statistically significant as determined by a repeated measure one-way ANOVA [F (2,12) = 3.962; P < 0.05]. These data suggest that both compounds inhibited L. monocytogenes intracellular infection by reducing the efficiency of vacuole escape.
Conclusions
In this study, we report the anti-infective activity of compounds associated with inhibition of neurological functions. Treatment of host cells with thioridazine or bepridil decreased the ability of L. monocytogenes to escape the phagocytic vacuole to initiate intracellular replication. Currently, the mechanism of inhibition of vacuole escape is unclear. Bepridil is a calcium inhibitor and thioridazine is an antipsychotic. Prior reports have shown that antipsychotic compounds can function as calcium channel antagonists [6] , and calcium fluxes within host cells following infection by L. monocytogenes have been implicated in modulating bacterial entry and vacuole escape [15] . Therefore, additional studies into the effects on calcium fluxes during L. monocytogenes infection of drug-treated cells may yield further insights into the mechanism of inhibition. None the less, because of the prevalence of antibiotic resistance in many bacterial species, identification of clinically approved compounds with additional physiological effects provides an opportunity to develop these drugs further for alternative safe therapeutic uses. This study demonstrates that anti-infective activity may be found amongst many existing collections of small molecule compounds and suggests that neurological compounds may represent an untapped reservoir of antimicrobial drugs.
